BACKGROUND
In the early morning of 4 th September 2010 the region of Canterbury, New Zealand, was subjected to a M7.1 earthquake with the epicenter located approximately 40 km west of the city of Christchurch (Gledhill, Ristau et al. 2010) . Since 4 th September 2010 the region has been subjected to thousands of aftershocks, including several more damaging events such as a M6.3 aftershock on 22 nd February 2011. Although of a smaller magnitude, the earthquake on 22 nd February produced peak ground accelerations in the Christchurch region that were three times greater than those generated in the 4 th September earthquake and in some cases resulted in shaking intensities greater than twice the design level (Bradley and a) The University of Auckland, 20 Symonds Street, Auckland, Private Bag 92019, New Zealand b) The University of Adelaide, Engineering North N136, Adelaide, SA 5005, Australia natural disaster since the 1931 Hawke's Bay earthquake (Dizhur, Ingham et al. 2011) . The high shaking intensities of the M6.3 aftershock resulted in structural damage to a variety of building systems, and in particular to unreinforced masonry structures (Dizhur, Ismail et al. 2010; Dizhur, Ingham et al. 2011; Ingham and Griffith 2011; Cole, Dhakal et al. 2012) . A post-earthquake field survey was conducted to establish the earthquake performance of lightweight timber framing residential dwellings having masonry veneer as an external cladding system.
The use of clay brick masonry as an anchored wall veneer was first seen in late 18 th century England (Mendygral and Sumnicht 2011) , and today makes up approximately 45%
of new residential dwellings in New Zealand (Beattie and Thurston 2011 ). Clay brick, or similar masonry veneer systems, are favored for their durability and resistance to fire and moisture, as well as for aesthetic reasons (Okail, Shing et al. 2011) . However, observations made from previous earthquakes have highlighted that masonry veneer systems exhibit poor performance when subjected to lateral loads. Inadequate performance of masonry veneer systems was observed in the M5.6 1989 Newcastle Australia earthquake, with pull-out of the ties connecting the veneer to timber wall framing commonly observed (Page 1991) . The M6.7 1994 Northridge earthquake also resulted in considerable damage to older brick veneer systems, largely attributed to a combination of differential movement between the masonry veneer and the timber framing and the poor anchorage of ties connecting the masonry veneer to the timber wall framing (Okail, Shing et al. 2011) .
Recent advances in masonry veneer construction techniques were intended to improve the earthquake performance of masonry veneer systems . These improvements include a reduction of the veneer unit mass by reducing the unit width from typically 110 mm to 70 mm and the introduction of hollow cores. Hollow cores provide a double benefit by both reducing the wall mass and allowing mortar to form a physical key, thereby reducing the seismic mass and enabling enhanced connectivity between veneer units through shear key action. The performance of masonry veneer ties when subjected to lateral loading has also advanced in recent years with introduction of the requirement of a nonimpact connection method to install the ties to the timber framing, typically being a screw fixing. This non-impact tie fixing method was enforced in New Zealand in 1996 by issuing an amendment to NZS 4210 (1989) . Tests conducted by Shelton (1996) have shown that vibrations caused by the nailing of ties which was standard practice prior to 1996, resulted in cracking of mortar and de-bonding of ties lower down the masonry stack. Also, recently developed veneer tie products are capable of transferring greater stresses and better accommodating differential movements between the timber framing and masonry veneer than were earlier forms of veneer ties (Beattie and Thurston 2011) .
The earthquake performance of masonry veneer systems attached to lightweight timber framing has been experimentally investigated in both New Zealand and the United
States of America Thurston and Beattie 2009; Okail, Shing et al. 2011) . Experimental testing of timber framed walls with masonry veneer was conducted using both quasi-static and dynamic application of lateral forces, on single and two story systems using various masonry veneer unit and veneer tie types. Based on experimental test results (Thurston and Beattie 2009; Beattie and Thurston 2011) it is evident that the masonry veneer wall elements are capable of resisting a considerable amount of their own lateral earthquake load, acting as an energy dissipater, assisting in maintaining building deflections to within acceptable limits due to self-weight and adding stiffness to the system to reduce the level of internal damage.
Generally during experimental tests, sliding of masonry veneer wall elements was observed only along existing cracks or those cracks formed by the rocking of wall elements, except in testing of two story veneer systems where sliding was associated with shear failure of mortar shear keys (Thurston and Beattie 2009 ).
Wall elements with masonry veneer tend to act as large, rigid bodies, when subjected to lateral loading, rather than as individual units. This behavior was observed not only in modern masonry veneer systems which is typically associated with the formation of shear key action of the mortar joints, but also in older masonry veneer systems prior to the development of significant cracking (Thurston and Beattie 2009 ). In-plane performance of wall elements with masonry veneer also typically exhibits rigid body behavior, such as rocking panels and corner sections moving as entire blocks. The older, solid forms of masonry veneer tend to crack at lower deflections than modern, hollow brick masonry where mortar shear key action exists.
Masonry veneer that is well connected to the timber framing using a sufficient number of ties exhibited good out-of-plane performance during dynamic experimental tests conducted by Okail et al. (2010) . When loaded out-of-plane, the masonry veneer wall elements act as large elements prior to crack formation, with rotations of the wall sections occurring around the wall base. Following the formation of cracks, masonry veneer sections typically span vertically and horizontally between wall ties with rotation of the wall sections occurring at the crack locations.
Experimental tests conducted by using solid units veneer highlighted the absence of mortar shear key action in comparison to hollow core veneer units.
Thus, while solid veneer unit systems were observed to perform well at lower shaking levels, at higher shaking levels sliding was observed along the mortar joints, causing the masonry veneer to break into individual units at the mortar joints .
The focus of the post-earthquake survey reported here was on the performance of modern masonry veneer cladding systems attached to lightweight timber framed walls. A typical example of a residential single story timber framed dwelling with a brick veneer cladding system that is under construction is illustrated in The assessed residential dwellings were required to have at least 50% of the masonry veneer cladding visible and to be accessible for inspection. When the dwelling residents were available, information on the internal damage, further details about damage to masonry veneer cladding and other additional information was collected, typically resulting in 100% of the masonry veneer being inspected.
Android operated mobile devices were used by the personnel conducting the postearthquake survey to collect the data during the inspections and an online database was assembled. As well as details of earthquake damage, overview photographs were taken of all inspected residential dwellings. All photographs contained GPS coordinates and were overlayed on a street map of Christchurch. General information such as the address (number, street name and suburb) of the dwelling and the number of storeys was recorded. For each dwelling, masonry veneer or the remains of veneer were closely inspected to determine the type of cracking and the failure patterns. Detailed information collected about each inspected dwelling is described in the subsequent sections.
TYPES OF VENEER
The types of masonry veneer systems used in the construction of the inspected dwelling were divided into four categories: (1) 
TYPES OF TIES
One of the most important criteria associated with the earthquake performance of masonry veneer is the method used to connect the veneer to the structural timber framing.
Where possible, such as in cases of partial or full collapse of the veneer, or through discussions with the dwelling owner, the type of veneer ties used for each dwelling was established and recorded. For the purpose of the survey the types of ties were divided into five categories: (1) Screw-fixed ties that are "flat" metal ties, with one end fixed to the nonrigid members (e.g. timber studs) using screws, with the other end encapsulated in the mortar joint, as shown in Figure 3 (a); (2) Nail-on ties that are "flat" metal ties with one end fixed to the non-rigid members (e.g. timber studs) using nails as illustrated in Figure 3 (b) and the other end of the tie encapsulated in the mortar joint. Nail-on types of ties were widely used in construction prior to the introduction of amendments to NZS 4210 (1989) in 1996; (3) Wire ties generally used in older veneer type construction, that typically consisted of a twisted flexible steel wire that is attached to the side of wall framing using nails or staples, as shown in Figure 3(c) . (4) Other types included veneer ties that are not part of any of the above categories (e.g. plastic ties); (5) The unknown type of ties category was selected when the type of ties that were used in the construction of a dwelling were uncertain.
LEVEL OF VENEER DAMAGE
The level of damage to the masonry veneer was recorded on the survey forms and categorized as: (1) None visible -no damage to the masonry veneer was observed; (2) Minor -visible hairline cracks in the mortar joints as shown in Figure 4 
TYPES OF CRACKING AND FAILURE PATTERNS
The types of cracks and average crack widths observed for each inspected dwelling were recorded. Crack types were identified as being either through the mortar and the veneer units or through the mortar only. Observed corner separation of masonry veneer was recorded as part of the survey and types of observed corner separation are presented in Figure 6 .
The observed failure patterns of masonry veneer walls were divided into three main categories: (1) In-plane failure (illustrated in Figure 7 (a)) was identified when the dominant failure pattern observed was in the plane of the veneer, and incorporated all types of in-plane failures including rocking, and diagonal shear; (2) Out-of-plane failure (illustrated in Figure   7 (b)) was identified when the dominant failure pattern observed was in the veneer out-ofplane direction; (3) Mixed failure pattern was identified when both in-plane and out-of-plane failure patterns were observed.
PIER AND SPANDREL BEHAVIOUR
The observed pier behavior of masonry veneer wall elements was categorized and recorded as: none; rocking; shear; both shear and rocking; or sliding (see Figure 8 ). The observed behavior and crack types of masonry veneer spandrels were also recorded in the survey forms. Spandrel behavior was described as: none observed; rocking; shear; and shear or rocking. The respective crack patterns were recorded as: diagonal (see Figure 9 (a)); vertical or both. A typical example of spandrel rocking occurred in a single story dwelling at a location directly above lintels, and resulted in vertical cracks at the corners of the openings (see Figure 9 (b)). Brick crushing was common at building corners and locations of pier rocking and any occurrences of brick crushing were recorded.
GROUND SETTLEMENT AND LATERAL SPREADING
The observed level of ground damage evident on the day of the inspection was recorded for each dwelling. Ground damage included liquefaction (silt ejections), differential settlement and/or lateral spreading which depending on the level of severity has the potential to cause foundation subsidence. The levels of severity for liquefaction and ground settlement/lateral spreading were categorized as: none visible; very minor; minor; moderate;
severe; and extreme (see Figure 10 for examples). Ground conditions were categorized based on the observations made on-site on the day of the dwelling inspection. Some sites had been re-worked and evidence of liquefaction removed. Therefore, the observations did not necessarily correspond to the actual severity of the ground conditions immediately following the earthquakes.
SURVEY STATISTICS
Out of the total 1084 residential dwellings that were inspected throughout the wider Christchurch area, 24% were constructed pre-1996 and 76% were constructed post-1996. Of all the inspected dwellings, 30% were of two story construction, of which 69% had the veneer extending up both stories, while 9% had veneer on the top story only. As per the aim of the survey, the majority (69%) of the inspected dwellings were constructed in the decade 2000 -2010, with 5-7% of the dwellings being placed in each of the other decade categories, except for the 1940s and 1950s where the number of identified and inspected dwellings was negligible.
The majority (61%) of the inspected dwellings were constructed using traditional clay brick veneer, while the second most common type of masonry veneer observed was the large veneer units (27%). It should be noted that a larger number of dwellings having natural sandstone veneer was observed than was initially anticipated (17 dwellings, 1.6% of the total population). Sandstone is much weaker than many of the local (volcanic) natural stones, so a separate category (Oamaru stone, named after region from where the stone originated) was added during the data processing stage. A veneer thickness of 70 mm was observed in 76% of all the dwellings inspected.
FOUNDATION AND GROUND CONDITIONS
Of all the inspected dwellings, 82% were constructed using a concrete slab-on-grade foundation and 18% were constructed using a concrete ring foundation, with the latter predominantly being used in older construction types. Also, 27% of inspected dwellings had some evidence of adjacent liquefaction, ground settlement or lateral spreading. Of the dwellings that had some form of adjacent liquefaction or ground movement, the cause of damage was attributed solely to ground movement in 40% of cases and attributed to shaking damage only in 28% of cases. It should be noted that at the time of inspection the exact cause of veneer damage was often difficult to identify, and therefore these results may potentially lack accuracy. Furthermore, there was no strong trend to suggest that older veneer construction was primarily damaged by a different cause (i.e. shake damage only) than was newer veneer construction.
DAMAGE DISTRIBUTION
To facilitate the interpretation of the survey data, individual dwellings were grouped into clusters based on their geographical location. The clusters are presented in Figure 11 as pie charts showing the proportion of dwellings in each of the damage categories for each location. From the geographical representation of the data in Figure 11 it is evident that the severe and extreme damage to the dwellings was concentrated in the Port Hills and foothills suburbs (13% of inspected dwellings). The concentration of dwellings that sustained severe or extreme damage levels in this area was attributed to the proximity to the 22 nd February 2011 earthquake epicenter (Bradley and Cubrinovski 2011) as well as the topography amplification (Rahimian et al. 2007) . It is also evident that the majority of the dwellings that sustained severe or moderate damage were concentrated in locations close to the Avon River, mainly due to the occurrence of substantial liquefaction and lateral spreading in the vicinity of the river banks. Generally, dwellings located in the areas away from the hills and the dwellings which were not affected by liquefaction sustained only minor damage or had no visible damage to the veneer.
The acceleration records recorded in the 22 nd February 2011 earthquake were analyzed for the Christchurch area (GEONET 2010) and to facilitate the interpretation of the collected data the levels of peak ground acceleration (PGA) expressed in terms of acceleration due to gravity (g) were categorized as shown in Table 2 . A level of horizontal PGA was assigned to each of the suburbs. For suburbs where acceleration records were not available linear interpolation was used in conjunction with shaking reports provided by to estimate the severity of the horizontal accelerations. The percentage of inspected dwellings subjected to each range of PGA is also given in Table 2 , with 49% of dwellings experienced horizontal acceleration levels equivalent to a very strong level of shaking (0.28 g -0.62 g). The PGA that was used in the design of a typical residential dwelling located in the Christchurch area for the ultimate state is approximate 0.65 g (NZS1170.5 2004).
For each of the shaking intensities the level of veneer damage observed is illustrated graphically in Figure 12 . As expected and seen in Figure 12 (a) , the level of damage increased with an increasing level of horizontal acceleration. It is evident that severe and extreme level of damage to the veneer occurred in areas of severe (0.62 g -1.3 g) or extreme (>1.3 g) shaking levels. From Figure 12 (b) it is evident that the level of damage was more critical for sites where the PGA values were between 0.62 to 1.3 g and that damage levels were predominantly severe and extreme for PGA values of >1.3 g. From Figure 12 it can also be seen that in areas having less than 0.62 g PGA dwellings generally performed well, in areas where the PGA was between 0.62 g and 1.3 g dwellings generally performed satisfactorily, and in areas having a PGA greater than 1.3 g dwellings performed poorly with extensive damage. Based on the post-earthquake survey results shown in Figure 12 those dwellings that were subjected to 0.62 g and above exhibited severe to extreme level of damage to the veneer where as those that experienced less than the design level shaking intensity generally performed satisfactorily. None of the dwellings that were constructed post-1996 sustained severe damage when subjected to very strong level of shaking and only 6% of those dwellings sustained severe damage when subjected to severe level of shaking. Based upon aforementioned data, earthquake performance at the shaking intensities matching or exceeding ultimate limit state loading of the post-1996 veneer fixing details was satisfactory.
DAMAGE TYPE
Of all inspected dwellings, 60% sustained in-plane damage only. Surveyed dwellings constructed prior to 1996 were more likely to sustain out-of-plane damage in comparison to those dwellings constructed post-1996. Combined shear and rocking failures were more commonly observed in masonry veneer piers with no obvious trends identified between preand post-1996 construction for pier rocking behaviour. It is further evident that spandrels commonly experienced shear cracking that was typically observed above garage lintels and window openings. Of all the inspected dwellings which sustained some damage, 33% of these dwellings showed signs of corner separation. Of all inspected single story dwellings, excluding dwellings with fully removed veneer where the extent of damage could not be identified, 4% sustained severe damage in comparison to 10% of dwellings having two stories. Strong trend between single and two story dwellings was not identified for other damage levels.
DECADE OF CONSTRUCTION, VENEER TYPE AND TIE TYPE
Figure 13 From the data survey it is evident that overall, screw-fixed ties performed better than other types of ties, with the majority of dwellings having screw-fixed ties showing no visible or minor damage only (see Figure 13(b) ). It is apparent that dwellings with nail-on ties feature more predominantly in the moderate to extreme damage categories, and that wire ties performed the worst as a higher proportion of inspected dwellings that had wire type veneer ties sustained severe to extreme damage.
To identify any variation in the performance of different veneer types the veneer damage level is compared to the type of masonry veneer used in the construction of the dwelling, as shown in Figure 14 Also, Omaru stone veneer was typically used in the construction of dwellings in affluent suburbs of the Port Hills where high PGAs were recorded. It is emphasized that these comments relate to the geometry of the unit, method of fixing and level of shaking intensity, rather than to the characteristics of the stone.
CRACK TYPE AND SIZE
Approximately 75% of all the inspected dwellings that sustained some level of damaged had cracking through the mortar joints only. Based on the post-earthquake survey data it is also evident that for dwellings constructed pre-1996 the cracking through the veneer units was more common when compared to the dwellings that were constructed post-1996.
Approximately 50% of the observed cracks were on average between 1 mm -5 mm in width and 28% of the observed cracks averaged widths of less than 1 mm (see Figure 16 (a) and (b)). In approximately 10% of damaged dwellings, crushing of the veneer units was observed.
The level of repair that was required to the veneer was estimated during the inspection of each dwelling and the breakdown of these estimates is presented in Figure 16 (c). The noted repair levels refer to the veneer only and not to other parts of the dwelling. Rebuilding was selected in cases where the timber frame of the dwelling appeared intact and only the veneer sustained damage, whereas demolition was selected where the dwelling appeared to be beyond repair (for example large differential movement within the timber frame due to ground settlement). A maximum repairable crack width of approximately 3 mm was considered appropriate for re-pointing. It also noted that the repair levels shown in Figure   16 (e) do not correspond to the actual repairs proposed by insurance inspectors, unless discussed directly with the owners, and were based mainly on observations and best engineering judgement by the survey team at the time of inspection.
OCCUPANCY AND VENEER REMOVAL
Figure 14(b) shows whether the dwelling was occupied or vacant at the time of the inspection and the corresponding level of observed veneer damage. It is evident that for higher levels of damage the dwellings were less likely to still be occupied.
It was established that 7% of all dwellings inspected had some veneer removed prior to the inspection survey being conducted. For dwellings which sustained visible damage, 14%
had partial veneer removal and 9% had full veneer removal.
CONCLUSIONS
Detailed door to door assessments of residential masonry veneer dwellings were conducted in a variety of areas of Christchurch which were subjected to different levels of earthquake shaking, in order to compare different veneer system performances with different shaking intensities.
It is concluded that severe and extreme damage levels to veneer clad dwellings were concentrated in the Port Hills and foothills suburbs (13% of inspected dwellings), due primarily to the proximity to the epicentre and topographical amplification. Also, it is evident that the majority of cases of severe and moderate damage were concentrated close to the banks of the Avon River, mainly due to substantial liquefaction and lateral spreading.
As expected, the level of damage increased with an increasing level of horizontal ground acceleration. Strong shaking resulted mainly in no visible damage, but also generated damage levels ranging from minor to moderate. Very strong shaking resulted mainly in no visible damage, but did generate some minor damage and a little moderate damage. Severe shaking showed no visible damage in about 60% of cases, but damage levels up to extreme was seen in areas with this shaking level. Extreme shaking led to damage levels ranging from none-visible up to extreme. Overall it is evident that severe and extreme damage only occurred to veneers in areas of severe (0.62 -1.3 g) or extreme (>1.3 g) shaking.
It is evident that overall screw-fixed veneer ties performed better than other types of ties, with the majority of dwellings with this type of fixing exhibiting no visible or minor damage levels only. It is also apparent that damaged dwellings with nail-on ties featured more predominantly in the moderate to extreme damage categories, and it appears that wire ties performed the worst as a high proportion of inspected dwellings that had wire type veneer ties sustained severe to extreme damage. Consequently, it is concluded that based upon observed earthquake performance at the shaking intensities matching or exceeding ultimate limit state loading, the post-1996 veneer fixing details have performed satisfactory and continued use of the detail is recommended without further modification. 
